We compare vector boson fusion and quark antiquark annihilation production of vector boson pairs at the LHC and include the effects of anomalous couplings. Results are given for confidence intervals for anomalous couplings at the LHC assuming that measurements will be in agreement with the standard model. We consider all couplings of the general triple vector boson vertex and their correlations. In addition we consider a gauge invariant dimension-six extension of the standard model. Analytical results for the cross sections for quark antiquark annihilation and vector boson fusion with anomalous couplings are given.
Introduction
In this note we study vector boson pair production with possible anomalous couplings in proton proton collisions at the LHC. The motivation to study these processes has been twofold:
1. If the electroweak symmetry breaking is not realized by a light Higgs boson, the symmetry breaking will manifest itself by some strong interactions among longitudinally polarized gauge bosons [1, 2] . In general, the amplitudes for longitudinal vector boson scattering are then very large at high energies. Several models to describe the strongly coupled symmetry breaking, in particular the standard model with a heavy Higgs boson and technicolor inspired models, have been discussed [3, 4, 5, 6] . If an amplitude has been calculated within a specific model, a method to connect this amplitude to parton parton scattering processes has to be employed. The conventional method [7, 8, 9, 10] was to use the effective vector boson approximation (EVBA) [11] . The EVBA was originally used only for longitudinally polarized vector bosons. It
In summary, in the strongly interacting scenario particular attention was paid to the vector boson scattering processes while the analyses of vector boson self couplings only considered the Drell-Yan processes. Later on, the effects of various SU(2) L ×U(1) Y gauge invariant effective interaction terms among the electroweak vector bosons were investigated and the vector boson scattering processes were considered [30, 31] together with the Drell-Yan processes. It was found that the Drell-Yan contribution and the one of vector boson scattering were of comparable magnitude. However, as in [5] , the vector boson scattering processes were calculated using the EVBA for all intermediate boson helicities.
Recently [32, 33] we showed that an improved version of the EVBA can increase the reliability of EVBA calculations. In particular, the improved EVBA could well reproduce the result of a complete perturbative calculation for a process which is dominated by the transverse intermediate helicities.
In this article we carry out a comparison of Drell-Yan production and vector boson scattering using the improved EVBA and including the influence of anomalous couplings. This work is thus a supplement to the existing analyses [14, 24, 25, 26] in which the DrellYan processes have been considered in more detail (O(α s ) corrections were included and more refined kinematical cuts were applied), but vector boson scattering was not discussed. We will study the general parametrization [16] , [34] - [38] of the triple gauge boson vertices in terms of seven parameters, allowing for C-and P -violation. In addition, we will study an SU(2) L × U(1) Y gauge invariant dimension-six extension of the standard model. Our work extends the works [30, 31] in that all three C-and P -invariant gauge invariant dimensionsix operators [39] - [42] which affect the vector boson self-interactions are discussed. We note that the three C-and P -invariant trilinear couplings which potentially contribute to the experimentally relevant [13] process of W ± Z Drell-Yan production can be equivalently expressed in terms of the parameters of the three-parameter gauge invariant model. The same is true for the two C-and P -invariant couplings which potentially contribute to the similarly relevant process of W ± γ production. In Section 2 we compare vector boson fusion and Drell Yan production in the threeparameter gauge invariant model. In Section 3, we present parameter fits for the anomalous couplings which can be obtained from future LHC measurements assuming that standard model predictions will actually be measured. We discuss the full set of anomalous couplings and also give the unitarity limits for the set of couplings which we use. We also consider again the three-parameter gauge invariant model. In Appendix A we give analytical formulas for the cross sections for′ annihilation into W ± Z, W ± γ and W + W − pairs in terms of the seven anomalous couplings. In Appendix B we give formulas for vector boson scattering cross sections for the gauge invariant model.
Comparison of Vector-Boson Fusion and Drell-Yan Production
To illustrate our results we calculate the invariant mass distributions of the cross sections for vector boson pair production at the LHC (pp collisions at √ s pp = 14 TeV). We compute both the contribution from Drell-Yan production and from the O(α 4 ) parton reaction q 1 q 2 → V 3 V 4 q ′ 1 q ′ 2 which contains vector boson scattering. The two contributions are shown diagrammatically in Figure 1 . Both contributions are calculated in the Born approximation and we use the improved EVBA [32, 33] to calculate the latter contribution. We discuss all possible pairs of produced electroweak vector-bosons, W ± Z, W ± γ, W + W − , ZZ, W ± W ± , Zγ and γγ. We first present the results for the standard model and then for non-zero anomalous couplings.
Calculational Procedure

Drell-Yan Production
In the usual quark-parton description, the lowest order contribution comes from the DrellYan processes shown in Figure 1 (a). Three generic Feynman diagrams can contribute to any of these processes in lowest order (Fig. 2) . They correspond to the exchange of vector boson(s) in the s-channel and the exchange of fermions in the t-and in the u-channel. Only the vector-boson exchange diagrams receive a contribution from the vector boson selfcouplings. The standard model differential cross sections for′ → V 3 V 4 have been first given in [43] . The results for arbitrary α W can be found in [30] . For arbitrary vector boson self couplings, demanding only Lorentz-invariance, the differential cross sections as well as the expressions for the helicity amplitudes have been recently given for all processes in analytical form in [44] . We choose to repeat the formulas for the differential cross sections in Appendix A in a form in which the high energy behavior is immediately transparent. We note that the O(α s )-corrections to the lowest order cross-sections can be huge. For W ± Z production [25] they can reach up to 70% of the lowest order contribution and for W ± γ production [20] they can be even larger. Only the Born cross section will be considered here.
The formula for the invariant mass distribution of the cross section for V 3 V 4 -pair production via′ -annihilation in the collision of two hadrons h 1 h 2 is given by
This formula is valid if either no cuts or a rapidity or a pseudorapidity cut on both produced vector bosons is applied. A pseudorapidity cut, in contrast to a rapidity cut, always excludes events near the hadron beam direction. In ( from the (h 1 h 2 ) c.m.s into the (V 3 V 4 ) (=(qq ′ )) c.m.s. and t 2 ≡ tan 2 ϑ min . Further we defined
are the energies of V 3 and V 4 in the (qq ′ ) cms, while M 3 and M 4 are their masses. q is the magnitude of the threemomentum of V 3 or V 4 in the (V 3 V 4 ) cms-system. The last argument of the min-function which defines y max in (2) only plays a role near the threshold. In deriving (2) we assumed that the quarks have no transverse momentum with respect to the hadrons, but no other kinematical approximations were made.
For large energies of the produced vector-bosons,
), the limits of integration (2) take on the simplified forms
In this limit, the η-cut is identical to a rapidity-cut Y of the same magnitude. We choose a cut of the magnitude η = 1.5, corresponding to a minimum angle of θ min = 25 0 . For the relevant process pp → W ± Z + X the highest sensitivity to anomalous couplings is achieved with a cut of about this magnitude [45] .
Vector Boson Fusion
The O(α 4 ) partonic reaction which is shown in Figure 1 (b) contains the vector-boson scattering processes V 1 V 2 → V 3 V 4 as subprocesses. Three types of Feynman diagrams contribute to a generic process V 1 V 2 → V 3 V 4 . They correspond to vector boson exchange, a direct interaction among the four vector bosons and Higgs boson exchange. Using the Feynman rules for the GIDS model given in [46] we wrote the amplitudes as functions of the scalar products of the external momenta and of polarization vectors. We evaluated them numerically without making further approximations. In Appendix B we give analytical expressions for the cross sections for W ± Z → W ± Z, W ± γ → W ± Z and W ± γ → W ± γ in a high energy approximation. Expressions for the amplitudes of these and other vector boson scattering processes can be found in [31, 46, 47] .
We calculate the invariant mass distribution of the cross-section for h 1 h 2 → V 1 V 2 → V 3 V 4 in the improved EVBA according to [33] . The formulas which have been given there apply if a rapidity cut is used. The corresponding expressions for a pseudorapidity cut are obtained by replacing z min (y), z max (y) and y max in [33] by the expressions (2) . We use the exact vector boson pair luminosities of [33] if V 1 V 2 consists of two massive vector bosons. If a photon is involved, the Approximation 2 of [33] with the photon distribution function of [48] is used.
Results in the Standard Model
Figs. 3,4 and 5 show the invariant mass distributions for all vector boson pair production processes in the standard model. We separately show the contributions from the processes 
In (4),
, where θ W is the weak mixing angle. n is the number of identical particles in the state V V . For the parton distribution functions we use the set MRS(R2) [49] which includes the latest HERA data and uses α s (M Figs. 3 to 5 clearly show that the contribution from vector boson scattering is always an order of magnitude smaller than the contribution from′ -annihilation (also if the sum over all V 1 V 2 is taken). The contribution may therefore indeed be neglected. Fig. 6 shows the ratio of the cross sections for We note that a different value of this ratio is obtained if the EVBA in leading logarithmic approximation (LLA) is used instead. In [4, 5] the cross sections for pp → W ± (γ, Z) → W ± Z and for pp →′ → W ± Z were calculated and the LLA EVBA was used. Calculating the ratio of these cross sections, we obtain 57% for Y = 1.5 and 64% for Y = 2.5 for the case of a light Higgs boson (59% (Y = 1.5) and 65% (Y = 2.5) for M H = 1 TeV). Likewise, if we repeat the calculation of [30, 31] (we used η = 1.5, M H = 0.1 TeV and integrated the cross sections in the region 0.5 TeV < M W Z < 2 TeV), we obtain a value of 52% for the ratio. For more details we refer to [45] .
These values of the ratio are thus much higher than the values obtained with the improved EVBA. The latter values are however in agreement with values following from [6] , in which a complete (lowest order) calculation of the processes q 1 q 2 → q [6] one obtains 17% (21%) for M H = 0.1 TeV (M H = 1 TeV). In summary, the improved EVBA calculation and the complete calculation both yield a value for the ratio which is between 10% and about 20%, while calculations using the LLA EVBA yield a value which is larger by more than a factor of 3.
We remark that for M H = 300 GeV even the Higgs boson peak (which is present only in W + W − and ZZ production) stays below the rate of′ -annihilation. We finally note that the like-charge pair production processes pp → W ± W ± + X cannot proceed via′ annihilation and might thus allow to directly observe vector boson scattering. 
Parametrization of Anomalous Couplings
The model we use for the anomalous couplings was described in [42] (GIDS model). In this model, the most general SU(2) L × U(1) Y -symmetric interaction terms of dimension six are added to the Lagrangian of the standard model. We restrict ourselves to C-and P -conserving interactions which contain no higher derivatives and explicitly contain vector boson self-interactions. There are three of those interaction terms which are described by the parameters α W , α W Φ and α BΦ 4 . They are related to the usual parameters [37] x γ , y γ and δ Z , x Z , y Z , which parametrize the C-and P -conserving interactions of the γW + W − and the ZW + W − vertex, respectively, by
In (5) we also included the relations to the parameters ∆g Z 1 , ∆κ Z , λ Z and ∆κ γ , λ γ of [17] . The reduction from the five parameter case of δ Z , x Z , y Z , x γ and y γ to the three parameter case is manifest through the relations x Z = −(s W /c W )x γ and y Z = (c W /s W )y γ which are implicit in (5) . The three parameter model defined in (5) has already been obtained [42] in [16, 35] from the assumption of a custodial SU(2) symmetry. The relation between x γ and
, is a consequence of the exclusion of intrinsic SU(2) violation, i.e., of SU(2) custodial symmetry. The relation between y γ and y Z in (5) follows from the requirement of SU(2) L × U(1) Y symmetry in the quadrupole interactions. In addition to trilinear interactions the three-parameter dimension-six SU(2) L × U(1) Y gauge invariant model describes interactions among four and more vector bosons. Also these interactions are already contained in an identical form [42] in the model described in [16, 35] . The only difference [50] of the three-parameter model [16, 35] and the SU(2) L × U(1) Y invariant one lies in non-standard interactions of the Higgs boson.
We note that there are no non-standard interactions among three neutral gauge bosons which would obey C-and P -symmetry, contain no higher derivatives and are compatible with electromagnetic gauge and Lorentz invariance [36] .
The Lagrangian of the GIDS model is an effective, unrenormalizable one and can in general be written as [51] 
In (6) ′ and e and compare the Lagrangian (6) with the one defining the α-parameters [42] , we read off the order of magnitude for the α-parameters,
Assuming Λ > ∼ 2 TeV (and consequently restricting ourselves to scattering energies up to M V 3 V 4 < 2 TeV), the order of magnitude for the α-parameters is
The restrictions derived from partial wave unitarity applied to vector boson scattering amplitudes are [47] :
where we have introduced
TeV the unitarity bounds (9) are
These limits are larger than the values in Eq. (8) for the α ′ s which we expect from the effective Lagrangian ansatz. Therefore, if the couplings are not larger than expected from the effective Lagrangian ansatz, unitarity is not violated for energies √ s ≤ 2 TeV. In [17, 20, 25, 26] a form factor assumption is made in order to avoid violation of unitarity. In our fits we follow the simple prescription to vary the coupling parameters within their unitarity limits only. In fact it will turn out that within the 95% CL limits the unitarity limits are never reached. Thus, in order to derive sensible experimental bounds on the anomalous couplings, one does not have to use form factors for which additional (unknown) parameters must be introduced. If one nevertheless introduces a form factor, the couplings α i which are to be inserted in the expressions for the cross sections are energy dependent. They are related to bare (energy independent) coupling constants, α 0 i , by
The bare coupling constants are those which appear in the Lagrangian. A usual choice for the exponent n in (11) is n = 2. Similar to Λ in (6) Λ F F is an energy scale for new physics.
The unitarity limits for the parameters α 0 i are obtained by inserting (11) into (9). We use n = 2 and minimize the maximum value for |α 0 i | with respect to s. The minimum occurs at s = Λ 2 F F and the unitarity limits are given by
The numerical values in (12) are for Λ F F = 2 TeV. At multi-TeV colliders the cross section for fixed α 0 i = 0 is very different from the cross section for fixed α i and the obtainable bounds on the α i are very much tighter than those for the α 0 i . The distinction between the two models does however not very much affect the analysis of present Tevatron data since there the form factor is close to the value 1 as √ s can hardly be greater than 0.5 TeV. Fig. 7 shows the comparison of′ -annihilation and vector boson fusion in the presence of anomalous couplings. We show the results for the relevant processes of W ± Z and W ± γ production and for W + W − production. In addition, we present a plot for W ± W ± production. We sum over the charge conjugated final states i.e. discuss the cross sections for
Results with Anomalous Couplings
We have also summed over all V 1 V 2 pairs. We only vary one coupling at a time. Only those couplings which lead to enhanced terms at high energies (i.e. of O(α i s) or O(α 2 i s 2 )) in the′ cross section are varied. Varying the other couplings leaves the′ cross sections virtually unchanged. For W ± W ± production we vary all couplings. We choose a single non-zero magnitude for each of the couplings which is already quite large for the effective Lagrangian expectation, (8), but which is still below the unitarity limit (9) . For α W and α W Φ we take |α i | = 0.01. For α BΦ we take |α BΦ | = 0.03. For the relevant processes of W ± V production, we choose a negative and a positive value for the coupling if there is an enhanced term linear in the coupling.
The main conclusion from Fig. 7 is that vector boson scattering is only marginally important even if the anomalous couplings are different from zero. When constraining anomalous couplings using these processes, vector boson scattering might therefore well be omitted. The non-enhanced terms (α BΦ in W ± Z-production, α W Φ and α BΦ in W ± γ-production) are unlikely to lead to any observable effect at the LHC. Fig. 7 (d) shows that the effect of anomalous couplings for like-charge W ± -pair production is not very large.
Parameter Fits for Anomalous Couplings
In this section we present parameter fits to fictitious standard model data and derive limits for the anomalous couplings. Refering to the conclusion of Section 2, we will take into account only the contribution from′ annihilation. First we consider W ± γ and W ± Z production separately. These are the experimentally relevant production processes [13] . The detection of a W + W − pair is experimentally plagued by a large background of tt production with the subsequent decay of a top quark into a W ± boson and a b quark [13] . We use the general parametrization of the triple gauge boson vertices [36, 37, 38] in terms of seven free parameters, thus allowing for C-and P -violation. Then we present a fit to combined W ± γ and W ± Z "data" for the three parameter gauge invariant model. We take into account the full correlations among the parameters. Before we proceed we present the unitarity limits for the set of couplings which we are using [38, 44] . As far as we know, these limits have never been given before. 
Unitarity Limits for
Theoretical bounds on anomalous couplings can be obtained by applying partial wave unitarity to the amplitudes for′ → V 3 V 4 . Inequalities derived from the requirement of partial wave unitarity have been given in [52] . The inequalities have been written in terms of "reduced amplitudes" for′ → W ± Z and′ → W ± γ scattering. The reduced amplitudes have been given in terms of the parameters g
By comparison of the Lagrangians of [38] and [52] we find the following equivalence between this set of parameters and the one we are using:
In (13) The following table summarizes the symmetry properties of the parameters under C and P transformations:
C,P C, P (CP ) C, P C, P
If electromagnetic gauge invariance is demanded the following parameters vanish,
Assuming that only one anomalous coupling at a time is different from zero we extract the unitarity bounds shown in Tables 1 and 2 from the bounds on the reduced amplitudes in [52] . For W ± Z production we neglected terms of O(M 2 W /s). For the form factor case we used (11) with n = 2 and minimized the unitarity bounds with respect to s. However, for z Tables 1 and 2 are weaker than those derived from vector boson scattering because in the latter processes the amplitude is in general quadratic in the couplings while for′ → V 3 V 4 it is at most linear.
Present Direct Limits
At present, direct limits on the couplings have been obtained by the CDF and D0 collaborations at Tevatron [53, 54] and by the LEP 2 collaborations [55, 56] . Table 3 summarizes the most stringent bounds which were attained at the Tevatron.
5 Form factors can be introduced by adding terms with two or a larger even number of derivatives on the fields to a Lagrangian with constant couplings. These terms are equal to a power of a squared invariant mass (or even a product of powers of several squared invariant masses) times the interaction term of the original Lagrangian. In order to compare the interaction terms of the Lagrangians of [38] and [52] the terms of one Lagrangian have to be re-grouped (by using partial integrations and tensor identities). Two derivatives on a field appear in some of the re-grouped terms. This introduces the P 2 , M 
Para-Unitarity
√ s = Para-Unitarity Λ F F = meter limit 2 TeV meter limit 2 TeV 
Para-Unitarity √ s = Para-Unitarity Λ F F = meter limit 2 TeV meter limit 2 TeV Table 3 : Results from [53, 54] for the 95% CL limits on anomalous couplings obtained from two-parameter fits to data of diboson production in pp collisions at √ s = 1.8 TeV. The bounds take into account possible correlations between the two fitted parameters. The Cor P -violating couplings were assumed to be zero. The value of Λ F F which was used in the fits is indicated in the bottom row.
The LEP 2 collaborations recently gave [56] a preliminary limit for α W Φ ,
where α BΦ = α W = 0 was assumed. Adopting a two-parameter model [57] which is equivalent to α W Φ , α BΦ = 0 and α W = 0, the following preliminary limits were obtained at LEP 2 [56] , |δ Z | < 1.9, −2.5 < x γ < 3.8, 95% CL.
These limits take into account the correlations between the two parameters. No form factor was used. The final sensitivity of LEP 2 has been estimated in [37, 58] . For the three parameter gauge invariant model the following result was obtained for a run at √ s = 190 GeV with an integrated luminosity of L = 500 pb −1 [37] :
−0.20 < α W < 0.24, −0.19 < α W Φ < 0.13, −0.35 < α BΦ < 1.05.
These bounds are at 95% CL and take into account all correlations.
Fitting Procedure
We performed fits to the M V V and p T distributions of the cross sections, where p T = q sin θ is the transverse momentum of a produced vector boson. The p T distribution was calculated according to dσ dp
In (15), z T ≡ 1 − (p T /q) 2 is the magnitude of cos θ for the given p T and x min and x max are determined by 
In (16) we included the upper bound of 2 TeV for √ s. y 0 (z T ) in (15) is determined by the pseudorapidity cut. In the high-energy limit (q 2 ≫ M 2 3,4 ) it is given by
The function x(q 2 ) in (16) is given by
s hh (18) and ϑ min in (16) is determined by the relation tanh(η) = cos ϑ min . q is the variable defined in (2). We assumed that the W ± , Z particles are identified by their decays into two generations of leptons each. We used the following branching ratios,
We used no other cut than η = 1.5 on the produced bosons. Figs. 8 (a) and (b) show the cross sections for pp → W ± γ + X and pp → W ± Z + X, respectively, multiplied by the branching ratios as a function of p T in the standard model and for various values of the anomalous couplings. No form factor was used.
Bin Nr. Table 4 : The numbers of standard events in 7 bins over the invariant mass M V V and in 8 bins over the transverse momentum p T for the processes pp → V 3 V 4 + X at √ s = 14 TeV with a cut |η| < 1.5 on the pseudorapidity of the produced vector bosons and the requirement √ s < 2 TeV for the p T distributions. An integrated luminosity of L = 10 5 pb −1 has been assumed. For massive vector bosons a decay into two generations of leptons was assumed. All results were obtained in the Born approximation.
To estimate the number of events at the LHC we assume an integrated luminosity of L = 10 5 pb −1 . We arrange fictitious standard model data into bins. For the M V V distribution for pp → W ± Z +X we find that there is less than 1 event for M V V > 2 TeV and ≃ 21 events in the interval 1 TeV < M V V < 2 TeV. We choose this interval to be the first bin. The other bins and numbers of SM events for W ± Z and W ± γ production are shown in Table  4 . We also show the numbers of events for ZZ, Zγ and γγ production 6 . The accuracy of the numbers due to numerical integration is 1%. We proceed to arrange the data for the p T distributions into bins. Since p T ≃ M V V /2 for scattering at right angles and large invariant masses we choose the limits for the p T bins equal to half the limits of the M V V bins. In addition we define an eighth bin. The results are also shown in Table 4 .
To calculate the non-standard effects we wrote the number of events in each bin as a power series in the anomalous couplings,
where the α i are the anomalous couplings. Table 5 shows the coefficients for the C-and P -conserving couplings and for z γ in a bin of the p T distribution comprising 0.4 TeV < p T < 1 TeV.
In each bin we calculate
where L is the likelihood function for the data in this bin, assuming that a theory with particular (non-zero) values for the anomalous couplings is the correct theory, and L 0 is 6 We neglected potential contributions from gluon fusion [59] . (19), for the numbers of produced W ± γ and W ± Z pairs in a bin with 0.4 TeV < p T < 1 TeV for the rescaled coupling parameterŝ .2) 2 ≃ 91 W ± γ events in the bin, corresponding to one standard deviation from the standard model. the same function assuming that the standard model is correct. ∆χ 2 is a measure of the probability that this particular model can still describe the (standard) data. If the number of events (in the bin) is greater than 50, we calculate L according to a Poisson distribution of the total number of events,
In (21), < N >≡ N(α ′ s) is the number of events predicted by the particular non-standard theory and N ≡ N SM is the number of standard events (=the number of "measured" events). If the number of events is smaller than 50 we generate the N events in the bin, i.e. we calculate the phase space points Ω i , i = 1 . . . N, at which the standard events would be located in the bin. Ω represents M V V or p T for the two distributions, respectively. We then use the method of extended maximum likelihood (EML) to calculate L. The likelihood function of the EML is given by
with p N from (21) and p(Ω i , α) is the probability of finding the ith event at the phase space point Ω i , assuming that the theory with the parameters α is correct. p(Ω i , α) is given in terms of the differential cross section by
where σ and dσ/dΩ are evaluated in the non-standard theory. were set equal to zero. As the parameters are uncorrelated, the projections are equal to the sections of the confidence regions with the planes. If the M V V distribution is used instead, the regions expand by a factor of 1.1 to 1.15 in each dimension. If only the total number of events in each bin is subjected to the fit (instead of using the EML method), the regions expand by a factor of about 1.2 in each dimension. If a four parameter fit to x γ , y γ , z γ and z ′ 2γ is performed instead, the projections and sections stay the same as in Fig. 9 . The parameter z ′ 3γ does not contribute to W ± γ production. We assumed δ γ = z ′ 1γ = 0 because of electromagnetic gauge invariance. and z ′ 3Z ) is performed, the projected confidence region expands by no more than 4% in any direction except for the positive δ Z direction for χ 2 = 1 where it expands by ≃ 30%. Figure 11 shows the projections and sections on the α W = 0, α W Φ = 0 and α BΦ = 0 planes from a simultaneous fit of the p T distributions of pp → W ± Z +X and pp → W ± γ +X to the three parameter gauge invariant model. The unitarity limits for the parameters are also shown. The confidence regions lie inside the unitarity limits.
Results
The use of different parton distribution functions leads to small theoretical uncertainties (< 1%) in the confidence regions. These uncertainties could be reduced by subjecting ratios of cross sections, e.g. σ(W ± V )/σ(γγ), to the fit. Due to the additional statistical error induced by the reference cross section (i.e. σ(γγ) in our example) the confidence levels derived from the ratios are, however, several tens of percent wider than those derived from the absolute values of the cross sections. We do not use ratios for our fits.
We repeat our analyses using a form factor. We project the confidence regions on the parameter axes. This results in 95% (for χ 2 = 4) and 68% (χ 2 = 1) confidence limits for the parameters. Table 6 summarizes our results. If we repeat the fits for η = 3 the bounds are only slightly affected: the differences between the maximal and minimal values of the couplings change by at most 20% compared to Table 6 . In general the differences decrease.
The 95% confidence limits which we obtain for the alternative set of parameters ∆g Z 1 , ∆κ Z and λ Z of [17] (instead of δ Z , x Z and y Z ) are:
We compare our results with previous investigations. Sensitivity limits achievable at the LHC were previously presented in [10, 23, 24, 25, 26] . Fits to the p T distribution of fictitious data for pp → W + Z + X at √ s = 14 TeV were performed in [25] . The 95% CL limits presented there, using a form factor with Λ F F = 3 TeV and n = 2 and based on the Born level prediction were −0.0048 < ∆g An SSC analysis using a form factor for pp → W + γ + X can be found in [23] . If we repeat our analysis with the parameters used in [23] ( √ s = 40 TeV, W + decays to only one 7 Different cuts were used in [25] . In particular, a pseudorapidity cut of η = 3 was applied on the decay products of the vector bosons. If we repeat our analysis for η = 3 and include, as in [25] , only W + Z production our limits change by less than 3%. 5. An integrated luminosity of L = 10 5 pb −1 and a leptonic decay of the W ± , Z bosons into two generations of fermions was assumed. All other parameters were assumed to be equal to zero. The sections are drawn in the same way as the projections. They can be distinguished from the projections as they always lie inside them. Table 6 : The projections of the ∆χ 2 = 1 (68% CL) and ∆χ 2 = 4 (95% CL) confidence regions on the parameter axes as the results of a seven parameter fit of the p T distribution of
, a four parameter fit of the p T distribution of pp → W ± γ + X to x γ , y γ , z γ and z ′ 2γ and a three parameter fit of the combined p T distributions of pp → W ± Z + X and pp → W ± γ + X to α W , α W Φ and α BΦ . The form factor results are for Λ F F = 2 TeV and n = 2. 8 . These bounds are tighter by a factor of 1.5 to 2 than the ones obtained in [23] . In [24] , an LHC bound on x γ was derived, assuming y γ = 0. This bound was derived from the O(α s ) prediction for the cross section, but from Table IV of [24] we deduce that the 1σ bound which would be obtained from the Born approximation is |x γ | < 0.06 9 (we do not use a form factor for this comparison). This bound is wider by a factor of in between two and three than our bound. This can be explained by the fact that in [24] the assumed luminosity was only L = 3 · 10 4 pb −1 , only W + γ production was considered, the fitting procedure was simpler (only one bin was taken) and different cuts were used. Including the O(α s ) corrections reduces the sensitivity to x γ by about a factor of two [23, 24] .
The limits which were derived in [10] are much larger than ours because the discovery criterion employed there is much stronger than ours. We note that the chiral Lagrangian parameters x L 9 and x R 9 used in [10] are identical to α W Φ and α BΦ , respectively 10 . The explicit connection is given by α 8πs
Conclusion
We showed that the rate for vector boson fusion production of vector boson pairs at the LHC is at the order of 10% to 20% of quark antiquark annihilation production and might thus be neglected in an estimate of the pair production cross sections. This result was obtained by applying an improved formulation of the effective vector boson approximation (EVBA). It agrees with the result of a calculation in which the complete set of diagrams was evaluated instead of performing an EVBA. Previous calculations in which the EVBA in leading logarithmic approximation was used overestimate the contribution from vector boson fusion by a factor of 3. We derived confidence intervals for the full set of anomalous W + W − γ and W + W − Z couplings, including C-and P -violating couplings, from fits to the standard W ± γ and W ± Z production rates expected for the LHC. In addition we derived confidence intervals for a three parameter SU(2) L × U(1) Y gauge invariant dimension-six extension of the standard model. We performed multi-parameter fits in which the full number of anomalous couplings was varied. Our limits thus take into account all possible correlations among the effects of the various possible couplings. We derived limits with and without making a form factor assumption. We compare the limits with the unitarity limits for the production of vector boson pairs with invariant masses smaller than √ s = 2 TeV. It turns out that all 95% confidence limits lie inside the unitarity limits whether a form factor is used or not. It is therefore not necessary to use a form factor in order to avoid violation of unitarity. The limits which we obtain without using a form factor are a factor of 10 (for x γ or α BΦ ) and 100 (for (δ Z , y γ ) or (α W Φ , α W )) stronger than the present experimental limits or limits which can be attained at LEP 2.
Adopting an effective Lagrangian approach, together with an assumption about the energy scale at which new physics occurs, provides us with an order of magnitude estimate for the parameters α W , α W Φ and α BΦ . We find that for α W and α W Φ , the limits which can be obtained at the LHC are of the same order of magnitude as this estimate. It might thus be possible to observe non-zero values of these coupling parameters, should they exist, at the LHC.
In appendices we give analytical expressions for cross sections for vector boson pair production with anomalous couplings for′ annihilation and vector boson fusion. Our expressions manifestly show the effects of the couplings at large scattering energies. The standard model differential cross sections to O(α 2 ) for qq
+ W − and→ ZZ have been first given in [43] 11 . In a form in which good high energy behavior is manifest and including the α W -interaction, all cross sections for′ → V 3 V 4 can be found in [30] . For arbitrary vector boson self-interactions all cross sections and helicity amplitudes have been recently given in [44] .
We give here the formulas for the differential cross sections for the′ processes which receive contributions from anomalous vector boson self-interactions,′ → W ± Z,′ → W ± γ and→ W + W − , in a form in which the high energy behavior is manifest. As in [30] , we have explicitly carried out the high energy cancellations among different diagrams, also (as far as possible) for the non-standard terms. We use the general C-and P -conserving vector boson self-interactions compatible with Lorentz-invariance and electromagnetic gauge invariance in terms of the parameters x γ , y γ , δ Z , x Z and y Z . In addition, we include the contributions from z γ and z ′ 2γ 12 for W ± γ production and the contributions from z Z , z
and z ′ 3Z for W ± Z production. The differential cross sections for→ ZZ, γZ, γγ can be found in [30] .
For′ → W ± V , V = γ, Z, the cross sections contain an overall factor of |V′ | 2 , where V′ is the element of the CKM matrix for the mixing of the quarks q and q ′ . For→ W + W − , the quarks have to be of the same flavor. We give the cross sections averaged over colors and spins of the initial quarks and summed over the helicities of the final state vector bosons. The cross sections given here agree with the expressions given in [43] , [30] 13 and [44] .
We denote the left-and right-handed couplings of the Z-boson to the quarks by
We also use the symbols
11 Also the x γ -terms for the W ± γ production cross section have been given there. 12 The parameter z ′ 3γ does not contribute. 13 After correction of misprints.
The Mandelstam variable t will be defined below for each process and u is defined by
. The scattering angle θ is the angle between the three-momenta of the two particles which define t. We further use the variables
and η, where η = ∓1 for W ± V 4 production. We treat the processes′ → W ± Z and′ → W ± γ together because similar functions are involved. The differential cross sections are given by:
where we have defined t as
for the two charge conjugated processes, respectively. In, (30) p i denotes the four-momentum of the particle i.
qq
The invariant functions for′ → W ± V 4 for the terms linear in the anomalous couplings are given by
and the functions for the terms quadratic in the couplings are given by Table 7 shows the behavior for s ≫ M 2 W for the helicity amplitudes for′ → W ± V . We note that the terms which are proportional to cos θ give no contribution to either the p T or the M V V distributions.
B Cross-Sections for
We give expressions for cross-sections for V 1 V 2 → V 3 V 4 in a high-energy approximation (to be described below). We restrict ourselves to the relevant processes of W Z and W γ production (in the following we simply write W instead of W ± ). Thus, we only give the cross-sections for W Z → W Z, W γ → W Z, W Z → W γ and W γ → W γ. Helicity amplitudes for processes V 1 V 2 → V 3 V 4 in the high-energy limit of the GIDS model can be found in [31, 46, 47] . They have been obtained from the exact Born-level amplitudes by an asymptotic expansion for s ≫ M 2 W , where s is the scattering energy squared. The expansion has been carried out at a fixed scattering angle θ. Therefore, also |M Since we assume that the couplings are small, α i = O(M 2 W /Λ 2 ), we only keep those anomalous terms in which each power of an anomalous coupling is enhanced by a factor of s/4M 2 W . For this purpose we define the parameters
The assumption α i = O(M 2 W /Λ 2 ) is equivalent to assuming a i = O(1) or smaller (since s ≤ Λ 2 ). In addition to the non-standard terms, we include the leading standard terms, 
5
).
The subleading terms for G ++++ and G +−−+ are given by 
where we introduced the variable
The subleading terms which are quadrilinear in the couplings are given by,
